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AN EVALUATION OF THE KNOCK-LIMITED PERFORMANCE

OF TRTPTANE

By Heary C. Barnett

SUMMARY

An annlyocis is made of data obtalned in an experimental investl-
gution of tho knock-limited perforuwauce of trlptane. Data obtained
in the F-3 and -4 retling engines, two full-scale alr-cuvoled alrcraft
cylinders, and flight tests of a full-scale multicylinder engine are
discussed. As a weans of evaluailng tiriptane, use is made of the
relatlon between compressiou densities andi temneratures as well as
tae reciprocal blendin: equatlon used in previous WACA reports. The
knock-limited perfoimauce of triptane is oxpressed in terms of F-3
oud ¥-4 retinge, elkylate-replacement values, sensltivity to dif-
ferent degreos of engine severity, and lead susceptibllity.

INITROLUCTION

Tn 1343 the Air Techuical Service Command, Army Ailr Forces,
requested the NACA to undortake e program to svalunte the anllkmock
gualities of trivlane. Tnis vropran, conducted et thu Cleveland
loboratory, wos to Iuclude studles of the knock-limited performance
characteristics of tariptanc in laboratory small-scale engines, full-
scale single c¢ylinders, end full-sconle multicylinder engines on the
test stond and in flight.

The scope of thils program regqulred an extensive investigation
of fundanental charecteristico of fuol performaunce and for this
reason the guantity of data obtained ls necessarily very large. The
present report 1s desligned not to dilscuss the eutire trlptane program
but 1stler to wresent data comparing antilnock qualitles of triptanse
with anlikncck gqualities of other fuels. In the presentation of
thege data seversl fundamental relations ore used and refercnces are
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cited for more deteiled Information on these relations. It 1s
emphasized that this evaluetion consifers *the edvantages and dis-
edvantages of triptare with regerd only to antiknock gquality.

CONVENTIONAL EWOCK BANTNGS

On the basis of current knowledge of fuel performance in variocus
englnes it is Immossible to aisl L a s.ng.e valite to a fuel and
thereby indicate iis performriuce reliet.ve to other fuels in all
engines and at eil opera.ing coadicicne. In the avsence of a method
of obtelning a universal retiag, tie must iogical approuack to tue
problem of rating auy Ilvsl is to test *tupat fuel .n stendard rating
engines at conditious accerted br leboratorles throvghout the Unitsd
States.

Inesm-ch es the F-3 and F-4 rallng rethods fall into tals caile-
gory, the flrst ste» in tae preseus evaluatlon of triptans is to
examine thoe F-3 and F-4 data obteilued anc to meke a comparison of
triptune with other higlk-antilnock blendini agents. The ratings
for this comparison ere shown 1n the following teble:
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F-3 AND F-4 PRERFORMANCE RATINGS FOR VARIOUS AVIATION

X . e e e 2T, COMBONE

[bate from reference 1; ell fuels contain 4 ml
Te]./gel; F-4 retings are for a fuel-air ratio

of 0.11.]
Performence number
Fusl
r-3 F-4
Methyl tert-butyl ether >161 >161
Paraffins:
Tylptene 149 >161
Diisopropyl 142 > 161
Hot-acid octene 127 >161
Neohexane 161 159
Isopentr.e 325 >138
Alkylais 119 137
Aromatics:
Mixed xylenes 124 >161
Toluene 118 > 161
Cunene : 85 >161
Benzene | __bes |->i6r

The F-3 perf'ormanc,e number for a blend contalning
40 percent (by volume) isopentens, 60 percent
alkylate, and ¢ wl TEL/gal wes 125. The high
vapor pressure of isopentane prevented any deter-
minetlon for blends of higher concentration.

bBy definltion F-3 rating of benzene 1m 87 octane
number, or 68 performance number. Teste have
shown that the additlion of tetraethyl levad to ben-

" zeue does not appreclably change its F-3 rating.

F-3 ratings were determined for all pure fuels (leaded to 4 ml
TEL/gal) with the exception of methyl tert-butyl ether and isopen-
tane. The roting of the ether exceeded the upper limit (161) of the
performance-number scale and the lsopentane could not be satlsfac-
torily determined because of its high vepor pressure. In the cease
of the F-4 ratings only two of the fuels fell below the upper limit
of the performance~-mumber scele; the relative merlts of the various
fuels cannot therefore be obtalned-from these data.
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Sufficjent dnta were obteined on the F-4 engine, however, to
permit en extrapolation of the performance-mumber scale above 1G1.
Tnis extrapolation 1s explained in reference l. Furthermore, before
ratings could be assigned to trivtans and isopeatane (both leaded
to 4 ml TEL/gal), 1t was necessary to estimate the corresponding
values of knock-limited ipdicated mean effedtive pressure, These
values were determined by epplying dete (from reference 1) for
blends below 100~percent concentratlon to the reciprocel blending
equation described in reference 2, By use of these extrapolations
the antiknock ret.ngs of the peraffinic fuels (leaded to 4 ml
TEL/gal) tested in the ¥F-4 engins at e fuel-air ratio of 0.1l were
found to be as follows:

Fuel F-4 perfoirmance
number
Trlptane 360
Diisopropyl 202
Hot-a¢id ociane 197
Neohexane £3
Isopsntane . lad
Alkylate 137

Inasuuch es the reciprocal biendiing equation (reference 2)
applies to nelther arcmatics nor metiyl teirt-butyl ether, nperformence
numbers for these comuounds were not estimated. It should also be
noted that the F:4 peorformance numbsers in-tke foregoing discuesion
were not obirined by direct matcnlng but by couwpnarlson of wnock-
limited irdicaceéed mesn effective pressures with a prev;ously essab-~
lished rating scale (See reference 1.)

The F-4 (rich) deta indicate that triptane leaded to 4 ml TEL
per gallon hme a higier rich performence number (350} than any other
paraffinic fuel (leaded) tested. It is wriobable, however, that some
of the arcmatics and the methyl tert-vutyl ether have ratings equal
to or greater than the F-4 rating for triptans. 7The F-3 (lean)
rating of tripteno exceeded all of the test fuels exemined except
methyl tert-butyl ether ‘and nootexene. The F-3 rating for nechexans
(leaded ©o 4 ml TEL/gal) remorted in refersnce 1 is higher then mosh
ratings for this fuel remorted in uvther referemnces.

BLENDING VAIUES

As previously stated the F-4 mdicaled-mecn-effective-pressure
retings of several of the paraffinic fuels (including triptane) were
est_mated by use of the reciprocal blending equation of reference 2.
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The estimation for triptane leaded to.4 ml THL per gellon 1as 1llus-
trated in figure.l for a fuel-air ratio of 0.11. In this flgure
tie compositlon (by volume) of tle verivus blends tested is shown
along the abscissa and the knock-limited Indicated mean offective
pressure 1s showi alung the ordinete, which is an inverted recip-
rocel scale. Tkree curves 1llustrete thLe manner In which successive
additrons of triptane licrease the kuock-limited perfoirmence of
three different bzse stocks. Because of engine limitatious, blenda
containing more than 60 perneunt triptane were not tested at this
fuel-alr ratio.

The data in figurs 1 show tlat the relation between composition
and the reciprocal of tle “mock-l.m'ted lndlceted mean eflective
pressure is epuvroxlmptely iincar for the renge ol' compoubltions
oxam.ned end tlint extrapolations of thuse tires curves result in a
common polnt of luterscction representln, tlLe knock-limited indlcated
mean effecilve preesurs of 1UV percent triptane. Dste obhtained in
a full-scale sinile cylwuder (Fig. 2) furtler substantlate this
relatlion for trin'ane and other parnriinic fuels. The data lor
neohoxane 1ua figure 2 have not boen proviously published. Data for
the othei fuels are presented 1n reference 3. It Is conciuded from
these date that triptens 1s no different from otrer paraffinic
fuels with resaid to tho apnlicability of the reciprocrl biending
equabion.

In odd .tion to serving as a tost of tue blending equation,
exporimontal data (ruference 1) obtaired in the F--3 end F-4 engines
vere usod L0 viejpare rerfosmaance clarts for teirnsry fuol biends.

Two such cliaxrte are miwsented n fipures 3 and 4 for tornary olouds
containing triplaue; sim.lar cuarts for cther high-jorTormance fuels
aro ¢iven in rorerence 1. Points shown on thuse fisures represont
teat bleuds mscd to check tue acouracy of the charts. {Sec refer-
ence 1.) Iun ousder to compare these charts on a common basis, the
concapt of alkylato-repleceme.at value: hos beew usvd. The alkylate-
replacement value 1s dofined as bcrrole of rep.aced component equiva-
lent to 1 barrel of tle renlacing couporont. Applied to the tri-
angular cha»ts (figs. 3 and 4) the alkyiete-roplacement valus is

tho slope of e constant-perfcruwence line. In flgure 3, for example,
start with a blend of 92 perceat alkylate and & percent virgin bese
stock having aa F-3 reting of 115. Muve along this constaut-
performence linc untll 10 porcent triptene Las been added. It cen
bs seen that tho additlon of 10 peorceont triptane hes roplaced 17 per-
cant alkylate; thus, the elkylate-replacemovnt value of triptaue is
1.7. The significance of the alkylate-replacoment velue is dis-
cussod in roference 4.
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From the cha:ts presented in reference 1 (¥-3 and F-4 data)
tho replecement valuvs have been calculated for the high-performince
fuols iuvestigatod. Two sets of values are glven: one for the
case 1n which virgin base stock ls the thlrd compoaent, as 1n fig-
ure 3, and ono for tlie case 1n which one-pass catelytlc stock 1s
tue third component, as in figure 4. The following table prosents
the values obtalned:

Alkylate-replaccment]Alkylate-replacement
High-performance |value wiclh virg:n value wlth one-pass
component basc stock _ ___lecatalytic stock
F-3 F-4 - | _F-3 F-4
Methyl tert-butyl etner| 1.8 B2.4-3.8 1.4 Ug.8-5.4
Paraffine:
Trintane 1.7 2.7 1.5 6.3
Diisopropyl 1.5 1.9 1.6 3.6
Hot-acid octenu 1.2 1.9 1.2 3.9
Neohexene 1.5 1.4 1.5 2.1
Isopentanc 1.3 1.1 1.3 1.3
Aromatlcs:
Mixed xylemes = = |~===--=-- 82.0-2.4 | =--=m-=e= 6.3
Toluene .7 3.8 1.5 86.8-5.8
Cumeno 3 82 .,5-2.6 |~mmcmecmn | mmereea-
Benzense 4 2.8 A 6.2

For these fuels the alkylate-replacement value varies with por-
formence mumbur. The partlcular values given sie for blends
having F-4 ratinge of 130 to 150 porformance numbor.

For the firet case (fig. 3) triptane end methyl tert-butyl
ether heve the highest F-3 replacomsnt values, the other being
slightly bigber toan trivntane. Under F-& conditicns toluene end
methyl texrt-butil eticr have the highest values. By both the F-3
and F-4 mochods triptene has a higuer revnlacement value than any of
the other paraffinic Tuels.

For tho second case (fig. 4) toluene, triptane, dlisopronyl,
end neohexane are highest and about oqual in replaceuwent value at
F-3 conditions., At F-4 conditiuns toluene, methyl turt-bucyl
ethor, berzene, trirtane, and mixod xylenes are highest and about
equal 1n ronlecomout velus. In tihis case triptans ls about equal
to or higher than the other rerefrinic fuels by both the F-I and
F-4 mothods.
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LEAD SUSCTPTIEILITY

Small-scale enyiine data were obtained to provide information
on the lead susceptibility of triptane in comparison with the lead
susceptibility of other hydrocarbon fuels. These data (refer-
ence 5) are presented in figure 5. In this figure the lead suscepti-
bility is defined as follows:

* Imep of hydiocarbon blend + 4 ml TEL/gal

Relative lead susceptibility =—.—op Of 8 reference fuel + 4 ml THL /gal

imep of hydrocarbon blend
Imep of S reference fuel

The data in figure S5 show thet the lead susceptibllity of trip-
tane 1la consldorubly luver than most of the aromatic hydrocarbous
at both fuel-air ratios and both inlet-alr tomperatures shown. The
lyad susceptlbilliy uf triptone is elightly areater than that of
S rerorence fuel at tho conditions shown.

KEFFECT OF ENGINF OPERATING CONDITIONS

Inasmuch as the order in which a given group of fuels will rate
accordlng to antlknock quality varles with the severity of engine
cperuting conditione, an NACA program wes conducted to deteruine
the voriatlon of !mock-limited performance of trintane (aad other
fuels) with severity of engine condit*ions. Tho detulled results of
this yrogram are repurted in refercncus 6, 7, and 8.

In the course of the investigation a method of correlating
knock-~llmited performance datu at different inlet-alr temneratures
with oimllar data et different compreesion ratios was derived. The
dotalled development and use of thls method is explalned in refer-
ence 9. By thls method the correlation of temperature and
compression-ratio data is effected by plotting compression-alr
denslty agalnst the ccmpression temperature when the plston 1s at
ton centor on the compression stroke. The formulas used for calcu-
lating the density and the temperature are as follows:

o = A(r-1) _ imep x isfc X (r-1)
v, F/A X 2.576 x 107
and
T = Tor0-41
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where .

p compression density

A alr flow, pounds per minute

r compression ratio

n intake cycles per minute

Vg engine dlsnlacement volume, cubic luches
F fvel flow, pounds por minule

T compression temnerature, °R

To 1intake-air teumpereture, °r

In the anpl-cation of the courrelation to a glven engine aud spark
edvance tue ind.cated speciiic fusl consrmption will depend pri-
marily upon comnresslon ratlo; therefore, in the test results pre-
sented for variable inlet-aeir temrersture and constant compression
ratio, the density can be regarded as proportionnl to the indicated
mean effectlive nressure.

Figure 6 (re srence 10) presents the knock-limited indi-
cated meen effective nressures of ilriptane at {1vo commiession
retlios end flve Inlet-air tenmreratures as a function of fuel-arr
ratio. These data were used to computv the donslty-temperature
curves of triptane prousented in figure 7. At a compression ratio
of 8.0 only three data pointes were cvbtained at an inlet-elr btew-
perature of 150° ¥ and no date were rocorded at lower inlet-air
temperstures because of nreignition. They curve for an inlet-air
temperature of 150° F was therefore calcuiaied from the deusivy-
temperature plot established from the variable-compression-rotio
tegts. Also, because of preigultion difflcultles, the test at an
inlet-alr temperatuns of 25U° ¥ and a coupression ratio of 5.0 is
subJect to an error in indicated mean effective nressurc of as much
as 50 nmoundis ner equare iuch at fusl-air retios lcaner than 0.08.

For comperison with trintene the dsus.ty-temperature relations
of several other fuels &re included in figure 7, whick shows very
clearly how ihe varlous fuvels aie affected by clLanges in the severity
of onerntirg conditions, At e fuel-a.r ratio of 0.065, for example,
trintare above e compression temperature T of 1500° R is more sen-
sitive to increasing severity of condltions then any of the other
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fuols presented in figure 7. It 1s apparent, howover, that up

to a couprossion temperature of 1770° R, triptane is still the

- most.deslrable’ fuel bccause of 1ts greater antikmock value. By

. the.time tho severity of counditions has been increased to a value
corresponding to T = 1950° R, triptans has depreciated so rapidly
‘relative to other fuels that 1t is not so dosirable from antliknock
couglderations as 8 reference fuel, toluens, aviation alkylate, or
dlisopropyl. In fact, at 1950° R triptene (leaded to 4 ml TEL/gal)
is only slightly botter than 28-R at this fuel-alr ratio. At a
fuel-air ratio-of 0.11 (fig. 7(b)) o similar comparison can be
made. Furthermore, if the curve tor triptane in figure 7(b) can

" be smoothly extrapolated above T = 1900° R it is nobed that all of
tho othor fuols shewn wlll probably be better than triptanc at valucs
of T in oxcoss of 20G0° R. '

Dcta obtalned on the R-2600 single-cylinder test engine sub-
stantlato the fuct that the performance of triptane depreciates
et sovere opcrating conditlons. In figures 8 and 9, for example,
the singlc-cylinder test data (uapublished) plottcd at two fuel-air
ratios and two condltions of snark timing show that the advantage
in ¥mock=-li:1ited vorformcnce to be guinoed by the addition of
20 porcent triptano to 28-R arse considerably less at the scvero
conditions than at thc mild condition. Becausc the cffocts of
cylinder-wull temperature, spark advance, and ongline spoed have
not been included in this corrclation methed, no direct comparisons
ol temperature valucs preseunted in figures 7, 8, and 9 should be
nodo .

MULTICYLTNDER ENGINE TESTS

Tests (rosults unpublished) wore made ovor 2 range cf cporating
conditions in an R-1830 onglie mountcd on a tecst stand. Tho fuels
usod for theso tosts were 28-R and a blend containings 80 percont
28-R and 20 percent triptans. The final bleond contalned 4.6 ml
TEL por gallon.

Over tho range of conditions oxamined in those tests tho
Increase in knock-limited powoir of 28-R due to the addition of
20 porcont triptanc veried botween 17 and 29 perccnt at a fuel-air
retio of 0.065 and betwoon 22 and 24 porcent.at a fuel-alr ratlo
of 0.10. Those rosults aro in agrecment with reosults obtalned 1n
flight tosts of an R-1830 engine {reference 11). :
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SUMMARY OF RESULTS

¥ithin the limltations of this evaluatlon of the knock-limlted
nerformance of triptane, the following results are apparent:

1. Triptene leaded to 4 ml TEL per gallon has an F-3 rerform-
ance number of 149 and an extrapolated F-4 performance number of 360.

2, In comparison with paraffinic fuels (diisopropyl, hot-acid
octane, neohexane, iscpentans, end aviation alkyiste) triptane had
the highest F-3 rating (with the exception of neohexane) and the
highest F-4 rating. Althouzh the F-3 rating of methyl tert-butyl
either {<166) cruld zot bo <ccuratoly dctermined, 1t wog greater
than the reting of triptane (149). The data for F-4 tests of four
aromatices and methyl tert-butyl ether could not be accurately
extrapolated; 1t is prcbable, however, that ‘some of the arometics
end methyl tert-butyl ethei have F-4 ratings equel to or greater
then triptane.

3. Small-scele eng,ine data at two Inlet-alr tempermntures showed
that the lead suscentibility of triptane at lean and rich fuel-air
mixtures is considerably less than that of the aromatic fuels with
which it wvas compared. The lead susceptibility of triptane is
slightly greater than that of S reference fuel at the condltions
examined.

4., Coavression temperature-density date obtalned on a small-
scale englle and on an R-2600 full-scale slngle-cylinder test engine
indicate tlat the kiock-limited verformance of triptene at the more
severe conditlions is sengitive to chanyes in operating conditlons.
In the small-scale enyine tests at severe condltions, triptane leaded
to 4 ml TEL ner gallon bad a lower knock-limited performance than
8 referenco fuel, toiuone, aviation alkylate, end diisoprop;l
(all leaded to 4 ml TEL/gal) at a fuel-air ratio of 0.065. In these
same tests, however, thes knock-limited performance of triptaene was
appreciably better than all fuels with which 1t was compared at mild
conditions end both low &nd high fuel-air ratios. The R-2600 tests
ghowed thet under severe conditions the lwprovement in knock-limited
vorformance to be gained by eddition of 20 percent triptane to 28-R
fuel was small.

Alrcraft Englno Rcseearch Laboratury,
National Advisory Commlittee for Aeronautics,
Cleveland, Ohlo.
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Figure 1. - Knock-limited performance of triptane in blends
with virgin base stock, One—pass catalytic stock, and an
aviation alkylate as determined by the F-4 rating method,
Data from reference 1.
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Figure 2. - Knock-limited performance of blends of virgin
base with selected fuel components; all containing 4 ml
TEL per gallon., R-2800 cylinder; com-
pression ratio, 7.7; spark advance, 20° B.T.C.; engine
speed, 2000 rpm; inlet-mixture temperature, 240° Fé
cylinder-head temperature at exhaust end zone, 350~ F.
Data are from reference 3 with exception of neohexane
data which are unpublished,
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